Exercise-induced myokines in health and metabolic diseases  by So, Byunghun et al.
integr med res 3 ( 2 0 1 4 ) 172–179
Available online at www.sciencedirect.com
Integrative Medicine Research
journa l homepage: www. imr- journa l .com
Review Article
Exercise-induced myokines in health and
metabolic diseases
Byunghun Soa, Hee-Jae Kima, Jinsoo Kima, Wook Songa,b,∗
a Health and Exercise Science Laboratory, Institute of Sports Science, Seoul National University, Seoul, Korea
b Institute on Aging, Seoul National University, Seoul, Korea
a r t i c l e i n f o
Article history:
Received 15 July 2014
Received in revised form
18 September 2014
Accepted 22 September 2014
Available online 5 October 2014
Keywords:
exercise
health
metabolic diseases
a b s t r a c t
Skeletal muscle has been emerging as a research ﬁeld since the past 2 decades. Contrac-
tion of a muscle, which acts as a secretory organ, stimulates production, secretion, and
expression of cytokines or other muscle ﬁber-derived peptides, i.e., myokines. Exercise-
induced myokines inﬂuence crosstalk between different organs in an autocrine, endocrine,
or paracrine fashion. Myokines are recently recognized as potential candidates for treating
metabolic diseases through their ability to stimulateAMP-activatedprotein kinase signaling,
increase glucose uptake, and improve lipolysis. Myokines may have positive effects on
metabolic disorders, type 2 diabetes, or obesity. Numerous studies on myokines suggested
that myokines offer a potential treatment option for preventing metabolic diseases. This
review summarizes the current understanding of the positive effects of exercise-induced
myokines, such as interleukin-15, brain-derived neurotrophic factor, leukemia inhibitorymyokines factor, irisin, ﬁbroblast growth factor 21, and secreted protein acidic and rich in cysteine, on
metabolic diseases.
© 2014 Korea Institute of Oriental Medicine. Published by Elsevier. This is an open access
Exercise-induced beneﬁts are well known to prevent harm-1. Introduction
Many studies have demonstrated the beneﬁts of exercise in
preventing all-cause mortality, including cardiovascular dis-
ease, metabolic disease, and cancer.1–3 Exercise reduces the
risk of death by preventing metabolic diseases and protects
against chronic diseases. Organ-to-organ crosstalk involving
muscle contraction at themolecular level is emerging as a ﬁeld
4related to exercise. Additionally, adipokines are identiﬁed as
hormones that mediate crosstalk between adipose tissue and
brain, as well as metabolic functions during the activation
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of tissues.5 The proinﬂammatory role of various adipocyte-
produced adipokines has also been identiﬁed. Tumor necrosis
factor, chemokineC–Cmotif ligand 2, andplasminogen activa-
tor inhibitor-1 are proinﬂammatory adipokines that are overly
secreted in obesity, leading to metabolic and cardiovascular
diseases.6 Proinﬂammatory effects of these adipokines have
now been clearly recognized to be counterbalanced by the
protective effects of skeletal muscle-secreted peptides.4ute of Sports Science, Seoul National University, 599 Gwanak-ro,
ful effects of proinﬂammatory adipokines through skeletal
muscle-secreted proteins.4 A recent study by Pedersen et al.7
demonstrated the endocrine effects of muscle ﬁber-derived
vier. This is an open access article under the CC BY-NC-ND license
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ytokines or peptides produced and secreted during skeletal
uscle contraction. The classiﬁed these cytokine andpeptides
s myokines. Furthermore, numerous studies demonstrated
hatmyokines are exercise induced.8–10 Themost well-known
xercise-induced myokine interleukin (IL)-6 was the ﬁrst
yokine to be identiﬁed in the bloodstream in response to
uscle contractions.11 IL-6 is a peptide that plays an anti-
nﬂammatory role by inhibiting tumor necrosis factor-; it also
mproves glucose uptake by stimulating AMP-activated pro-
ein kinase (AMPK) signaling.12–14 Surprisingly, circulating IL-6
evels are increasedduring exercisewithout any signofmuscle
amage.15
Myokines likely provide beneﬁcial metabolic effects dur-
ng crosstalk between skeletal muscle and liver, and skeletal
uscle and adipose tissue.16–18 Additionally, several studies
emonstrated that exercise-induced myokines have positive
ffects on glucose uptake,19,20 glucose tolerance,21 regula-
ion of fat oxidation,11,21 and satellite cell proliferation.22,23
yokines, as one of multiple health factors, constitute an
mportant area of research in metabolic diseases.24,25 This
eview summarizes the potential positive effects of exercise-
nduced myokines, such as IL-15, brain-derived neurotrophic
actor (BDNF), leukemia inhibitory factor (LIF), irisin, ﬁbroblast
rowth factor 21 (FGF-21), and secreted protein acidic and rich
n cysteine (SPARC), on metabolic diseases (Fig. 1 and Table 1).
. Interleukin-15
L-15 may play a role not only in muscle–fat interaction, but
lso in skeletal muscle ﬁber growth.26 IL-15, a member of the
L-2 superfamily, activates its functions through the  and 
hains of the IL-2 receptor.27,28 Quinn et al29 showed that IL-
5 can stimulate differentiated myocytes and muscle ﬁbers
o accumulate increased amounts of contractile proteins in
keletalmuscle. Additionally, IL-15 stimulatesmuscle-speciﬁc
yosin heavy-chain accumulation in differentiated myocytes
ndmuscle ﬁbers in culture.29,30 Among its various roles, IL-15
as been demonstrated to regulate metabolic diseases, such
s obesity and diabetes.21 IL-15 modulates glucose uptake in
ncubated skeletal muscle and muscle cell cultures.31 These
esults suggested that IL-15 may prevent the development of
iabetes.26 Busquets et al19 showed that in vivo administration
f IL-15 increased glucoseuptake in skeletalmuscle and in vitro
L-15 treatment increased glucose transporter type 4 mRNA
ontent in C2C12 cells. These ﬁndings indicate that IL-15 may
e an important mediator (regulator) of skeletal muscle ﬁber
rowth, hypertrophy, and glucose uptake.
Numerous studies demonstrated that exercise alters IL-
5 concentration in serum or at the mRNA level. The
ost noticeable change in serum IL-15 was observed after
oderate-intensity resistance training.32,33 Other studies
howed that aerobic training increased IL-15 in human and
odent serum and at the mRNA level.34,35 Given that IL-15
ontrols glucose and lipid metabolism, it may have an impor-
ant role in controlling metabolic diseases, including obesity
nd type 2 diabetes. However, studies on IL-15 expression
n the skeletal muscle and plasma after exercise showed
nconsistent results. It is evident that after resistance exer-
ise, IL-15 protein level increases in the plasma32,33; however,173
mRNA levels of IL-15 decrease after 2hours of intensive
strength training.36 In addition, circulating levels of IL-15were
increased in healthy young men, but remained unchanged
after a single bout of treadmill running.37 Treadmill exercise
increased IL-15 expression in the skeletal muscle of high-fat-
induced obese rats.35 Similar treadmill exercise conducted in
our laboratory showed an increase of IL-15 expression in the
soleusmuscle of a transgenic diabetic Zucker rat. Our data also
demonstrated that treadmill exercise improved glucose toler-
ance in the Zucker rat.38 In addition, 1 hour of acute exercise
increased IL-15 expression in Sprague–Dawley rats.39 These
data collectively suggest that exercise-induced IL-15 may be
important for themodulation of glucose uptake and improved
glucose tolerance.While the role of IL-15 in treatingmetabolic
diseases, such as obesity and type 2 diabetes, has now been
revealed, further investigation on changes in IL-15 and its
potential role is required.
3. Brain-derived neurotrophic factor
Neurotrophins are well-known regulators of various neuronal
processes and act primarily through tropomyosin-related
kinase receptor tyrosine kinases. The mammalian family of
neurotrophins consists of nerve growth factor, neurotrophin-
3, neurotrophin-4/5, and BDNF. Among these neurotrophins,
BDNF and its receptor tropomyosin-related kinase B are
most widely and abundantly expressed in the brain.40 To
date, numerous studies suggested that BDNF may play a
role not only in central metabolic pathways, but also as a
metabolic regulator of skeletal muscle. Wisse and Schwartz41
reported that BDNF is a key modulator of the hypothalamic
pathway that controls body composition and energy homeo-
stasis. BDNF is a regulator of metabolism in skeletal muscle42
and an enhancer of glucose utilization in diabetic skeletal
muscle.43 Current studies demonstrated that BDNF reduces
food intake and lowers blood glucose level in genetically
modiﬁed (db/db) obese mice, suggesting that BDNF plays a
role in energy balance and insulin signaling.44–46 In addi-
tion, a recent study suggested that gene transfer of BDNF
has therapeutic efﬁcacy in mouse models of obesity and
diabetes.47 It is now known that BDNF is expressed in non-
neurogenic tissues, including skeletal muscle. Animal studies
demonstrated that BDNF mRNA increases in skeletal mus-
cle in response to contraction.48,49 Numerous studies showed
that BDNF mRNA and protein expression were increased
in human skeletal muscle after exercise; however, skeletal
muscle-derived BDNF was not released into circulation.42
Additionally, BDNF increased phosphorylation of AMPK and
acetyl-CoA carboxylase-beta, and enhanced fat oxidation.
Based on recent research evidence, BDNF appears to be a
myokine that acts in an autocrine or paracrine fashion with
strong effects on peripheral metabolism, including fat oxida-
tion, and a subsequent effect on the size of adipose tissue.50
Skeletal muscle BDNF was reported as a key modulator in
metabolic diseases, including type 2 diabetes mellitus. In pre-
vious studies about diabetes and BDNF, increased BDNFmRNA
in the soleusmuscle of diabetic rats compared to age-matched
controls indicated that elevated BDNF may protect the dis-
tal nerve from the denervated muscle of diabetic rat.51,52 Our
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Fig. 1 – Potential role of exercise-induced myokines. Skeletal muscle expresses and releases myokines into the circulation.
Especially under conditions of metabolic diseases including obesity and diabetes, adipose tissue secretes proinﬂammatory
adipokines that promote pathological processes such as atherosclerosis and insulin resistance. However, exercise-induced
myokines may balance and counteract the effect of adipokines. In response to muscle contraction following exercise,
muscle ﬁbers express myokines such as irisin, IL-15, LIF, BDNF, FGF-21, and SPARC, which subsequently exert their effects
locally within the muscle or their target organs.
AMPK, AMP-activated protein kinase; BDNF, brain-derived neurotrophic factor; FGF-21, ﬁbroblast growth factor 21; IL,
protinterleukin; LIF, leukemia inhibitory factor; SPARC, secreted
unpublished data also showed an increased BDNF expression
in the soleus muscle of type 2 diabetes mellitus-induced rats
as compared to the lean controls. We also found signiﬁcant
decreases in BDNF expression following resistance exercise
in the soleus, tibialis anterior, and extensor digitorum longus
muscles. BDNF in skeletal muscle may be expressed as a com-
pensatory neurotrophic factor against diabetic neuropathy or
myopathy.
Although the important role of BDNF in peripheral
metabolism including skeletal muscle metabolism is well
known, the role of BDNF expression in diabetic skeletalmuscle
with severe glucose tolerance is not fully established. More-
over, considering the role of BDNF in skeletal muscle, further
research is required to investigate the effect of physical exer-
cise and nutritional treatment on BDNF expression and its
potential to improved glucose metabolism in diabetic skeletal
muscle.
4. Leukemia inhibitory factor
LIF is known as an important player in skeletal muscle
hypertrophy and regeneration by enhancing cell proliferation
though the common signaling mediators janus kinase (JAK),
signal transducer and activator of transcription-3 (STAT3), and
phosphoinositide-3-kinase.53–56 Previous studies showed that
LIF mRNA is upregulated exogenously after muscle injury,ein acidic and rich in cysteine; UCP-1, uncoupling protein 1.
including muscle crush and contusion injury.57 LIF is a newly
discovered myokine23; it is produced by skeletal muscle and
affects intact muscles, as well as isolated muscle cells.58,59
Among its various roles, themost important role of LIF inmus-
cle satellite cell is proliferation for proper muscle hypertrophy
and regeneration.23
Although studies on exercise-related LIF expression
remained controversial, LIF mRNA levels increased after a
single bout of both cycle ergometer exercise58 and heavy
resistance exercise59 in the human vastus lateralis muscle,
whereas LIF protein levels were not signiﬁcantly changed.
Since LIF has a very short half-life of 6–8minutes in serum,
it is difﬁcult to detect circulating levels of LIF protein.60 More-
over, LIF promotes survival ofmyoblasts in dystrophicmuscle;
however, LIF mRNA levels were found to decrease after 2
weeks of voluntary wheel running in mdx mice.61 Numerous
studies demonstrated that LIF clearly has the potential to reg-
ulate skeletal muscle disease, including muscular dystrophy,
and it furthermore promotes myoblast survival in dys-
trophic muscle.61 These studies suggested that LIF provides
alternative therapeutic ways to stimulate skeletal muscle
regeneration in an autocrine or paracrine fashion after injury.
However, the duration of increased LIF mRNA and protein lev-
els after exercise is not well known. Further investigation is
needed to describe the relationships between alteration of LIF
mRNA, and protein levels and exercise duration or type.
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Table 1 – Studies of exercise-induced myokines
Myokine Subjects Exercise Results Refs
IL-15 Human Treadmill running
(70% maximum heart rate, 30 min)
Serum IL-15 level ↑ 34
Rat Treadmill running
(26 m/min, 60min each, 5 d/wk for 8 wk)
IL-15 mRNA (in muscle) ↑
IL-15 Receptor ↑
IL-15 immunoreactivity (in muscle,
plasma) ↑
35
Human Resistance exercise
(4 sets, 10 repetitions, 2–3min rest
intervals)
IL-6, IL-10, IL-1 receptor antagonist (IL-1r),
IL-8, cortisol ↑
36
Human Resistance exercise
(3 d/wk, 75% of one repetition maximum,
6–10 repetitions)
Plasma IL-15 level ↑
IL-15 receptor- gene ↑
32
Rat Treadmill exercise
(5 d/wk, 60min, 12 wk)
IL-15 level ↑
(in soleus muscle)
38
Rat Resistance exercise
(acute ladder climbing)
IL-15 level ↑
(in soleus and tibialis anterior muscles)
39
Rat Resistance exercise
(chronic ladder climbing)
IL-15 level ↑
(in soleus muscle)
BDNF Rat Treadmill exercise
(1 d or 5 consecutive days)
BDNF mRNA ↑
BDNF protein ↑
NT-3 ↑
48
Rat Motor-driven bicycle
(2–30 d acute exercise)
BDNF mRNA ↑ 49
Human Bicycle exercise
(VO2 max 60%, 120 min)
BDNF mRNA ↑
BDNF protein ↑
42
C2C12 cell Electrically stimulated BDNF mRNA ↑
BDNF protein ↑
AMPK ↑
ACC ↑
LIF Human Cycle ergometer exercise
(3 h, VO2 max 60%)
LIF mRNA↑
(increased 4.5-fold after exercise)
58
Human Resistance exercise
(a bout of heavy resistance exercise)
LIF mRNA↑
(increased 9-fold after exercise)
59
MDX mice Voluntary wheel running
(2 wk)
LIF mRNA ↓
LIF receptor ↓
61
Irisin Mice Voluntary wheel running
(free wheel running, 3 wk)
Plasma irisin level ↑ 63
Human Endurance exercise
(cycle, VO2 max 65%, 4–5 sessions/10 wk)
Plasma irisin level ↑
Human Acute exercise
(80 m spirit runs, 3 d/1 wk)
Serum irisin level ↑ 67
FGF-21 Human Treadmill exercise
(the Bruce’s protocol 5 d/2 wk, 21 min)
Serum FGF-21 level ↑ 75
Human Acute exercise
(a single bout of treadmill running, until
exhaustion)
76
Mice Acute exercise
(a single bout of treadmill exercise, 30min
or until exhaustion)
SPARC Human Acute exercise
(a single bout of cycling, VO2 max 70%, 30
min)
Serum SPARC level ↑ (gradually
decreased)
83
Cycling
(VO2 max 70%; 2, 4 weeks)
Serum SPARC level ↑
inase
rophi
5
I
c
m
tACC, acetyl-CoA carboxylase-beta; AMPK, AMP-activated protein k
factor 21; IL, interleukin; LIF, leukemia inhibitory factor; NT-3, neurot
. Irisinrisin is a peroxisome proliferator-activated receptor-
oactivator-1 (PPAR-) coactivator-1  (PGC1-)-dependent
yokine, and seems to be capable of inducing white adipose
issue browning and uncoupling protein 1 expression.62; BDNF, brain-derived neurotropic factor; FGF-21, ﬁbroblast growth
n-3; SPARC, secreted protein acidic and rich in cysteine.
PGC-1 is best known to regulate energy metabolism; how-
ever, it has other beneﬁcial actions, such as control of
mitochondrial biogenesis and oxidative metabolism in many
63cell types. PGC-1 is induced in muscles by exercise and
stimulates mitochondrial biogenesis, angiogenesis, and
ﬁber-type switching.64 PGC-1 stimulates the expression
of ﬁbronectin type III domain-containing protein 5 (FNDC5)
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gene that encodes irisin, a type I membrane protein secreted
into the blood. Irisin activates profound changes in the
subcutaneous adipose tissue by stimulating browning and
uncoupling protein 1 expression.63
Recent research indicated that, in an obese rodent model,
FNDC5 treatment improved glucose tolerance and elevated
expression of mitochondrial genes that increase oxygen
consumption.63,65 Exercise may increase plasma irisin lev-
els. Results from several studies suggested that plasma
irisin levels were elevated in rodents and humans following
exercise.63,66,67 Bostrom et al63 demonstrated an increase of
plasma irisin level in mice after 3 weeks of voluntary wheel
running, and a twofold increase of circulating plasma irisin
level in healthy adults compared to the nontraining group
after 10 weeks of endurance exercise. In addition, irisin levels
increased in response to acute exercise.63 Our recent labo-
ratory data on 8 weeks of aerobic exercise and resistance
exercise in obese humans demonstrated a positive correla-
tion between the circulating irisin level and changes ofmuscle
mass, and a negative correlation between the circulating irisin
level and changes of fat mass and body fat percentage.67
Despite differences in results, both previous studies and our
study consistently demonstrated an increased level of irisin
following exercise.66 Therefore, irisin has potential as a ther-
apeutic agent. Further study is required to investigate the
changes in irisin levels and its protective role in obesity and
diabetes following exercise.
6. Fibroblast growth factor 21
FGF-21, an endocrine hormone, plays an important role in the
progression ofmetabolic regulation by controlling glucose and
lipid metabolism.68–70 FGF-21 is expressed in peripheral tis-
sues, such aswhite adipose tissue, liver, pancreas, and skeletal
muscle.71 FGF-21 levels increased during starvation and the
ketogenic state, and decreased after refeeding.72 Administra-
tion of FGF-21 reduced plasma glucose and triglycerides, and
increased insulin sensitivity in diabetic rodents.73 Walsh and
coworkers74 also demonstrated that FGF-21 is produced by
skeletal muscle. Several studies determine FGF-21 as a key
factor for downstream target of PPAR-. FGF-21 may thus
play an important role in metabolism. Recent studies sug-
gested that FGF-21 levels were elevated in metabolic diseases,
including insulin resistance, metabolic syndrome, and type 2
diabetes. Hojman et al’s70 study demonstrated an increased
FGF-21 expression inmuscle andplasma in response to insulin
stimulation. Additionally, FGF-21-null mice not only failed to
express PGC-1, but also had impaired gluconeogenesis and
ketogenesis.
Recent studies showed that FGF-21 is elevated after exer-
cise. In healthy humans, serum FGF-21 levels increased after
2 weeks of treadmill exercise.75 Serum FGF-21 levels also
increased in mice and humans by a single bout of acute
exercise.76 The increase in FGF-21 was accompanied by an
increase in lipolytic response, leading to the release of free
fatty acid and glycerol. Data of these studies might have sug-
gested that increased serum FGF-21 levels lead to increased
lipolysis and decreased glucose levels after a high-intensity
exercise.75,76 According to our unpublished data, 8 weeks ofIntegr Med Res ( 2 0 1 4 ) 172–179
ladder climbing exercise increased FGF-21 level in the soleus
and extensor digitorum longus muscles in type 2 diabetes
rats. FGF-21 might be elevated in response to exercise, greatly
affecting metabolic mechanisms. Therefore, further study is
required to investigate changes in the FGF-21 level in response
to the duration or type of exercise, for effective treatment of
diabetes.
7. Secreted protein acidic and rich in
cysteine
SPARC, also known as BM-40 was initially identiﬁed in bone
and hence was named osteonectin initially.77 For a decade,
intense studies on the effect of SPARC on various patho-
logical conditions of organs such as the liver and kidney
were conducted.78 SPARC acts as a counteradhesive and a
modulator of cell–surface interaction during tissue renewal
and remodeling, which requires regulation of cell–matrix
or cell–cell contact.79 Most studies on regulation of SPARC
expression and function are related to bone. During osteo-
genesis, SPARC links the organic and mineral phases of the
bone extracellular matrix.80 However, recent studies revealed
that SPARC is also found in myoblasts, myotubes, and muscle
ﬁbers, where its levels increase during muscle development
and regeneration.81 Importantly, SPARC secretion was found
to increase in muscles not only during regeneration, but
also following resistance exercise and muscle hypertrophy.82
A single bout of exercise increases secretion of SPARC in
mice. Levels of SPARC in the gastrocnemius muscle were
signiﬁcantly increased after a single bout of exercise, specif-
ically around the plasma membrane. However, SPARC levels
decreased immediately after exercise. In addition, SPARC was
increased in the serum of young healthy men immediately
after a single bout of cycling at 70% VO2 max for 30minutes,
but gradually decreased to the resting level. However, 4 weeks
of training at 70% VO2 max resulted in a signiﬁcant increase
in serum SPARC, with no changes in the resting state.83
SPARC is currently identiﬁed as one of the myokines
that reduces fat accumulation and is involved in glucose
metabolism.84,85 First, SPARC is involved in the regulation
of adipocyte differentiation and adipose tissue turnover84 by
activating the Wnt/-caternin pathway that inhibits adipo-
genesis and enhances osteoblastogenesis.86–88 In addition,
SPARC, by having a dose-dependent inhibitory effect on adi-
pogenesis and formation of osteoblast, was also enhanced
in a dose-dependent fashion. Primary culture of SPARC-null
mice cells showed increased adipocyte and fat accumulation
as compared to wild-type mice.84 SPARC decreased adipogen-
esis by regulating expression, deposition, and organization
of extracellular matrix protein rather than by interfering
adipogenesis directly. It modulates monoclonal anticellular
ﬁbronectin and antimouse laminin production in the extracel-
lular matrix during adipogenesis, where ﬁbronectin inhibits
adipogenesis and laminin enhances adipogenesis.84 These
changes inhibit the rearrangement of F-actin and stress ﬁbers
form the ﬁber-like preadipocyte cell structure, which weak-
ens during adipogenesis to allow fat accumulation.84 SPARC
is also involved in glucosemetabolism via the AMPK signaling
pathway. The AMPK signaling pathway has been identiﬁed as
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n energy-sensing pathway that plays a critical role in regu-
ating glucose and fat metabolism in skeletal muscle during
xercise.89,90 It stimulates glucose uptake by increasing glu-
ose transporter translocation.91,92 Further study is needed to
nvestigate the change in SPARC level according to the exercise
uration, to effectively regulate glucose and fat metabolism.
. Conclusion
mall changes induced by exercise can create a ripple effect
f beneﬁts to the entire body. It is well known that exer-
ise satisﬁes essential requirements for a healthy life. Regular
hysical activity or exercise can prevent chronic diseases,
uch as cardiovascular diseases, metabolic diseases, and cog-
itive disorders. Findings from previous studies indicated that
xercise-induced myokines might be the potential candidates
o provide beneﬁcial effects by stimulating metabolic path-
ays, improving glucose uptake, improving fat oxidation, and
egulating skeletal muscle regeneration. Based on a review
f the literature, we provide new insights into the role of
xercise-induced myokines as important potential therapeu-
ic factors for the prevention of metabolic diseases. Further
esearch is clearly required to identify how exercise-induced
yokines relate to chronic or metabolic diseases, including
ype 2 diabetes, obesity, and muscle atrophy.
onﬂicts of interest
here are no conﬂicts of interest to declare.
cknowledgments
his research was supported by the Basic Science Research
rogram through the National Research Foundation of Korea
NRF) funded by the Ministry of Education, Science and Tech-
ology, MEST (2011-0030135), (NRF-2013M3A9B6046417) and
lso supported by the grants fromKMPC (2013M3A9D5072550).
e f e r enc e s
1. Pedersen BK, Saltin B. Evidence for prescribing exercise as
therapy in chronic disease. Scand J Med Sci Sports
2006;16(Suppl 1):3–63.
2. Tanasescu M, Leitzmann MF, Rimm EB, Willett WC, Stampfer
MJ, Hu FB. Exercise type and intensity in relation to coronary
heart disease in men. JAMA 2002;288:1994–2000.
3. Motl RW, Pilutti LA. The beneﬁts of exercise training in
multiple sclerosis. Nat Rev Neurol 2012;8:487–97.
4. Pedersen BK, Febbraio MA. Muscles, exercise and obesity:
skeletal muscle as a secretory organ. Nat Rev Endocrinol
2012;8:457–65.
5. Scherer PE. Adipose tissue: from lipid storage compartment
to endocrine organ. Diabetes 2006;55:1537–45.
6. Shetty S, Kusminski CM, Scherer PE. Adiponectin in health
and disease: evaluation of adiponectin-targeted drug
development strategies. Trends Pharmacol Sci 2009;30:234–9.
7. Pedersen BK, Steensberg A, Fischer C, Keller C, Keller P,
Plomgaard P, et al. Searching for the exercise factor: is IL-6 a
candidate? J Muscle Res Cell Motil 2003;24:113–9.177
8. Bortoluzzi S, Scannapieco P, Cestaro A, Danieli GA,
Schiafﬁno S. Computational reconstruction of the human
skeletal muscle secretome. Proteins 2006;62:776–92.
9. Yoon JH, Yea K, Kim J, Choi YS, Park S, Lee H, et al.
Comparative proteomic analysis of the insulin-induced L6
myotube secretome. Proteomics 2009;9:51–60.
10. Henningsen J, Rigbolt KT, Blagoev B, Pedersen BK,
Kratchmarova I. Dynamics of the skeletal muscle secretome
during myoblast differentiation. Mol Cell Proteomics
2010;9:2482–96.
11. Pedersen BK, Febbraio MA. Muscle as an endocrine organ:
focus on muscle-derived interleukin-6. Physiol Rev
2008;88:1379–406.
12. Keller C, Hellsten Y, Steensberg A, Pedersen BK. Differential
regulation of IL-6 and TNF-alpha via calcineurin in human
skeletal muscle cells. Cytokine 2006;36:141–7.
13. Carey AL, Steinberg GR, Macaulay SL, Thomas WG, Holmes
AG, Ramm G, et al. Interleukin-6 increases
insulin-stimulated glucose disposal in humans and glucose
uptake and fatty acid oxidation in vitro via AMP-activated
protein kinase. Diabetes 2006;55:2688–97.
14. Kahn BB, Alquier T, Carling D, Hardie DG. AMP-activated
protein kinase: ancient energy gauge provides clues to
modern understanding of metabolism. Cell Metab
2005;1:15–25.
15. Fischer CP. Interleukin-6 in acute exercise and training: what
is the biological relevance? Exerc Immunol Rev 2006;12:6–33.
16. Pedersen BK, Akerstrom TC, Nielsen AR, Fischer CP. Role of
myokines in exercise and metabolism. J Appl Physiol
2007;103:1093–8.
17. Pedersen BK. The diseasome of physical inactivity—and the
role of myokines in muscle–fat cross talk. J Physiol
2009;587:5559–68.
18. Pedersen BK. Muscles and their myokines. J Exp Biol
2011;214:337–46.
19. Busquets S, Figueras M, Almendro V, Lopez-Soriano FJ,
Argiles JM. Interleukin-15 increases glucose uptake in
skeletal muscle. An antidiabetogenic effect of the cytokine.
Biochim Biophys Acta 2006;1760:1613–7.
20. Barra NG, Chew MV, Holloway AC, Ashkar AA. Interleukin-15
treatment improves glucose homeostasis and insulin
sensitivity in obese mice. Diabetes Obes Metab 2012;14:190–3.
21. Alvarez B, Carbo N, Lopez-Soriano J, Drivdahl RH, Busquets
S, Lopez-Soriano FJ, et al. Effects of interleukin-15 (IL-15) on
adipose tissue mass in rodent obesity models: evidence for
direct IL-15 action on adipose tissue. Biochim Biophys Acta
2002;1570:33–7.
22. Serrano AL, Baeza-Raja B, Perdiguero E, Jardi M,
Munoz-Canoves P. Interleukin-6 is an essential regulator of
satellite cell-mediated skeletal muscle hypertrophy. Cell
Metab 2008;7:33–44.
23. Broholm C, Pedersen BK. Leukaemia inhibitory factor—an
exercise-induced myokine. Exerc Immunol Rev 2010;16:77–85.
24. Pedersen BK. Exercise-induced myokines and their role in
chronic diseases. Brain Behav Immun 2011;25:811–6.
25. Henriksen T, Green C, Pedersen BK. Myokines in myogenesis
and health. Recent Pat Biotechnol 2012;6:167–71.
26. Argiles JM, Lopez-Soriano FJ, Busquets S. Therapeutic
potential of interleukin-15: a myokine involved in muscle
wasting and adiposity. Drug Discov Today 2009;14:208–13.
27. Giri JG, Ahdieh M, Eisenman J, Shanebeck K, Grabstein K,
Kumaki S, et al. Utilization of the beta and gamma chains of
the IL-2 receptor by the novel cytokine IL-15. EMBO J
1994;13:2822–30.
28. Argiles JM, Lopez-Soriano J, Almendro V, Busquets S,
Lopez-Soriano FJ. Cross-talk between skeletal muscle and
adipose tissue: a link with obesity? Med Res Rev
2005;25:49–65.
178
29. Quinn LS, Haugk KL, Grabstein KH. Interleukin-15: a novel
anabolic cytokine for skeletal muscle. Endocrinology
1995;136:3669–72.
30. Quinn LS, Anderson BG, Drivdahl RH, Alvarez B, Argiles JM.
Overexpression of interleukin-15 induces skeletal muscle
hypertrophy in vitro: implications for treatment of muscle
wasting disorders. Exp Cell Res 2002;280:55–63.
31. Busquets S, Figueras MT, Meijsing S, Carbo N, Quinn LS,
Almendro V, et al. Interleukin-15 decreases proteolysis in
skeletal muscle: a direct effect. Int J Mol Med 2005;16:471–6.
32. Riechman SE, Balasekaran G, Roth SM, Ferrell RE.
Association of interleukin-15 protein and interleukin-15
receptor genetic variation with resistance exercise training
responses. J Appl Physiol 2004;97:2214–9.
33. Lambert CP, Flynn MG, Sullivan DH, Evans WJ. Effects of
megestrol acetate on circulating interleukin-15 and
interleukin-18 concentrations in healthy elderly men. J
Gerontol A Biol Sci Med Sci 2004;59:855–8.
34. Tamura Y, Watanabe K, Kantani Y, Hayashi J, Ishida N,
Kaneki M. Upregulation of circulating IL-15 by treadmill
running in healthy individuals: is IL-15 an endocrine
mediator of the beneﬁcial effects of endurance exercise?
Endocr J 2011;58:211–5.
35. Yang H, Chang J, Chen W, Zhao L, Qu B, Tang C, et al.
Treadmill exercise promotes interleukin 15 expression in
skeletal muscle and interleukin 15 receptor alpha
expression in adipose tissue of high-fat diet rats. Endocrine
2013;43:579–85.
36. Nieman DC, Davis JM, Brown VA, Henson DA, Dumke CL,
Utter AC, et al. Inﬂuence of carbohydrate ingestion on
immune changes after 2h of intensive resistance training. J
Appl Physiol 2004;96:1292–8.
37. Ostrowski K, Hermann C, Bangash A, Schjerling P, Nielsen
JN, Pedersen BK. A trauma-like elevation of plasma
cytokines in humans in response to treadmill running. J
Physiol 1998;513(Pt 3):889–94.
38. Kim HJ, Park JY, Oh SL, Kim YA, So B, Seong JK, et al. Effect of
treadmill exercise on interleukin-15 expression and glucose
tolerance in Zucker diabetic fatty rats. Diabetes Metab J
2013;37:358–64.
39. Oh S, Kim H, Kim YA, Song W. Effects of acute and chronic
resistance exercise on IL-15 expression in rat skeletal
muscle. Int J Appl Sports Sci 2013;25:85–90.
40. Huang EJ, Reichardt LF. Neurotrophins: roles in neuronal
development and function. Annu Rev Neurosci
2001;24:677–736.
41. Wisse BE, Schwartz MW. The skinny on neurotrophins. Nat
Neurosci 2003;6:655–6.
42. Matthews VB, Astrom MB, Chan MH, Bruce CR, Krabbe KS,
Prelovsek O, et al. Brain-derived neurotrophic factor is
produced by skeletal muscle cells in response to contraction
and enhances fat oxidation via activation of AMP-activated
protein kinase. Diabetologia 2009;52:1409–18.
43. Yamanaka M, Tsuchida A, Nakagawa T, Nonomura T,
Ono-Kishino M, Sugaru E, et al. Brain-derived neurotrophic
factor enhances glucose utilization in peripheral tissues of
diabetic mice. Diabetes Obes Metab 2007;9:59–64.
44. Zuccato C, Cattaneo E. Brain-derived neurotrophic factor in
neurodegenerative diseases. Nat Rev Neurol 2009;5:311–22.
45. Krabbe KS, Nielsen AR, Krogh-Madsen R, Plomgaard P,
Rasmussen P, Erikstrup C, et al. Brain-derived neurotrophic
factor (BDNF) and type 2 diabetes. Diabetologia 2007;50:431–8.
46. Strachan MW, Deary IJ, Ewing FM, Frier BM. Is type II
diabetes associated with an increased risk of cognitive
dysfunction? A critical review of published studies. Diabetes
Care 1997;20:438–45.
47. Ono M, Ichihara J, Nonomura T, Itakura Y, Taiji M, Nakayama
C, et al. Brain-derived neurotrophic factor reduces bloodIntegr Med Res ( 2 0 1 4 ) 172–179
glucose level in obese diabetic mice but not in normal mice.
Biochem Biophys Res Commun 1997;238:633–7.
48. Gomez-Pinilla F, Ying Z, Opazo P, Roy RR, Edgerton VR.
Differential regulation by exercise of BDNF and NT-3 in rat
spinal cord and skeletal muscle. Eur J Neurosci
2001;13:1078–84.
49. Dupont-Versteegden EE, Houle JD, Dennis RA, Zhang J, Knox
M, Wagoner G, et al. Exercise-induced gene expression in
soleus muscle is dependent on time after spinal cord injury
in rats. Muscle Nerve 2004;29:73–81.
50. Pedersen BK, Pedersen M, Krabbe KS, Bruunsgaard H,
Matthews VB, Febbraio MA. Role of exercise-induced
brain-derived neurotrophic factor production in the
regulation of energy homeostasis in mammals. Exp Physiol
2009;94:1153–60.
51. Funakoshi H, Frisen J, Barbany G, Timmusk T, Zachrisson O,
Verge VM, et al. Differential expression of mRNAs for
neurotrophins and their receptors after axotomy of the
sciatic nerve. J Cell Biol 1993;123:455–65.
52. Koliatsos VE, Clatterbuck RE, Winslow JW, Cayouette MH,
Price DL. Evidence that brain-derived neurotrophic factor is
a trophic factor for motor neurons in vivo. Neuron
1993;10:359–67.
53. Alter J, Rozentzweig D, Bengal E. Inhibition of myoblast
differentiation by tumor necrosis factor alpha is mediated
by c-Jun N-terminal kinase 1 and leukemia inhibitory factor.
J Biol Chem 2008;283:23224–34.
54. Diao Y, Wang X, Wu Z. SOCS1, SOCS3, and PIAS1 promote
myogenic differentiation by inhibiting the leukemia
inhibitory factor-induced JAK1/STAT1/STAT3 pathway. Mol
Cell Biol 2009;29:5084–93.
55. Spangenburg EE, Booth FW. Multiple signaling pathways
mediate LIF-induced skeletal muscle satellite cell
proliferation. Am J Physiol Cell Physiol 2002;283:C204–11.
56. Sun L, Ma K, Wang H, Xiao F, Gao Y, Zhang W, et al.
JAK1–STAT1–STAT3, a key pathway promoting proliferation
and preventing premature differentiation of myoblasts. J Cell
Biol 2007;179:129–38.
57. Kurek JB, Bower JJ, Romanella M, Koentgen F, Murphy M,
Austin L. The role of leukemia inhibitory factor in skeletal
muscle regeneration. Muscle Nerve 1997;20:815–22.
58. Broholm C, Mortensen OH, Nielsen S, Akerstrom T, Zankari
A, Dahl B, et al. Exercise induces expression of leukaemia
inhibitory factor in human skeletal muscle. J Physiol
2008;586:2195–201.
59. Broholm C, Laye MJ, Brandt C, Vadalasetty R, Pilegaard H,
Pedersen BK, et al. LIF is a contraction-induced myokine
stimulating human myocyte proliferation. J Appl Physiol
2011;111:251–9.
60. Hilton DJ, Nicola NA, Waring PM, Metcalf D. Clearance and
fate of leukemia-inhibitory factor (LIF) after injection into
mice. J Cell Physiol 1991;148:430–9.
61. Hunt LC, Anthea Coles C, Gorman CM, Tudor EM, Smythe
GM, White JD. Alterations in the expression of leukemia
inhibitory factor following exercise: comparisons between
wild-type and mdx muscles. PLoS Curr 2011;3:RRN1277.
62. Cannon B, Nedergaard J. Brown adipose tissue: function and
physiological signiﬁcance. Physiol Rev 2004;84:277–359.
63. Bostrom P, Wu J, Jedrychowski MP, Korde A, Ye L, Lo JC, et al.
A PGC1-alpha-dependent myokine that drives
brown-fat-like development of white fat and thermogenesis.
Nature 2012;481:463–8.
64. Handschin C, Spiegelman BM. The role of exercise and
PGC1alpha in inﬂammation and chronic disease. Nature
2008;454:463–9.65. Castillo-Quan JI. From white to brown fat through the
PGC-1alpha-dependent myokine irisin: implications for
diabetes and obesity. Dis Model Mech 2012;5:293–5.
B. So et al/Role of exercise-induced myokines
66. Timmons JA, Baar K, Davidsen PK, Atherton PJ. Is irisin a
human exercise gene? Nature 2012;488:E9–10, discussion
E10–1.
67. Huh JY, Panagiotou G, Mougios V, Brinkoetter M, Vamvini
MT, Schneider BE, et al. FNDC5 and irisin in humans: I.
Predictors of circulating concentrations in serum and
plasma and II. mRNA expression and circulating
concentrations in response to weight loss and exercise.
Metabolism 2012;61:1725–38.
68. Izumiya Y, Bina HA, Ouchi N, Akasaki Y, Kharitonenkov A,
Walsh K. FGF21 is an Akt-regulated myokine. FEBS Lett
2008;582:3805–10.
69. Zhang X, Yeung DC, Karpisek M, Stejskal D, Zhou ZG, Liu F,
et al. Serum FGF21 levels are increased in obesity and are
independently associated with the metabolic syndrome in
humans. Diabetes 2008;57:1246–53.
70. Hojman P, Pedersen M, Nielsen AR, Krogh-Madsen R, Yfanti
C, Akerstrom T, et al. Fibroblast growth factor-21 is induced
in human skeletal muscles by hyperinsulinemia. Diabetes
2009;58:2797–801.
71. Canto C, Auwerx J. Cell biology. FGF21 takes a fat bite. Science
2012;336:675–6.
72. Badman MK, Pissios P, Kennedy AR, Koukos G, Flier JS,
Maratos-Flier E. Hepatic ﬁbroblast growth factor 21 is
regulated by PPARalpha and is a key mediator of hepatic
lipid metabolism in ketotic states. Cell Metab 2007;5:426–37.
73. Kharitonenkov A, Shiyanova TL, Koester A, Ford AM,
Micanovic R, Galbreath EJ, et al. FGF-21 as a novel metabolic
regulator. J Clin Invest 2005;115:1627–35.
74. Walsh K. Adipokines, myokines and cardiovascular disease.
Circ J 2009;73:13–8.
75. Cuevas-Ramos D, Almeda-Valdes P, Meza-Arana CE,
Brito-Cordova G, Gomez-Perez FJ, Mehta R, et al. Exercise
increases serum ﬁbroblast growth factor 21 (FGF21) levels.
PLoS One 2012;7:e38022.
76. Kim KH, Kim SH, Min YK, Yang HM, Lee JB, Lee MS. Acute
exercise induces FGF21 expression in mice and in healthy
humans. PLoS One 2013;8:e63517.
77. Termine JD, Kleinman HK, Whitson SW, Conn KM, McGarvey
ML, Martin GR. Osteonectin, a bone-speciﬁc protein linking
mineral to collagen. Cell 1981;26:99–105.
78. Schulz A, Jundt G, Berghauser KH, Gehron-Robey P, Termine
JD. Immunohistochemical study of osteonectin in various
types of osteosarcoma. Am J Pathol 1988;132:233–8.
79. Bornstein P. Diversity of function is inherent in matricellular
proteins: an appraisal of thrombospondin 1. J Cell Biol
1995;130:503–6.179
80. Brekken RA, Sage EH. SPARC, a matricellular protein: at the
crossroads of cell-matrix communication. Matrix Biol
2001;19:816–27.
81. Kupprion C, Motamed K, Sage EH. SPARC (BM-40,
osteonectin) inhibits the mitogenic effect of vascular
endothelial growth factor on microvascular endothelial
cells. J Biol Chem 1998;273:29635–40.
82. Norheim F, Raastad T, Thiede B, Rustan AC, Drevon CA,
Haugen F. Proteomic identiﬁcation of secreted proteins from
human skeletal muscle cells and expression in response to
strength training. Am J Physiol Endocrinol Metab
2011;301:E1013–21.
83. Aoi W, Naito Y, Takagi T, Tanimura Y, Takanami Y, Kawai Y,
et al. A novel myokine, secreted protein acidic and rich in
cysteine (SPARC), suppresses colon tumorigenesis via
regular exercise. Gut 2013;62:882–9.
84. Nie J, Sage EH. SPARC inhibits adipogenesis by its
enhancement of beta-catenin signaling. J Biol Chem
2009;284:1279–90.
85. Song H, Guan Y, Zhang L, Li K, Dong C. SPARC interacts with
AMPK and regulates GLUT4 expression. Biochem Biophys Res
Commun 2010;396:961–6.
86. Gregoire FM, Smas CM, Sul HS. Understanding adipocyte
differentiation. Physiol Rev 1998;78:783–809.
87. Nuttall ME, Gimble JM. Controlling the balance between
osteoblastogenesis and adipogenesis and the consequent
therapeutic implications. Curr Opin Pharmacol 2004;4:
290–4.
88. Farmer SR. Regulation of PPARgamma activity during
adipogenesis. Int J Obes (Lond) 2005;29(Suppl 1):S13–6.
89. Wadley GD, Lee-Young RS, Canny BJ, Wasuntarawat C, Chen
ZP, Hargreaves M, et al. Effect of exercise intensity and
hypoxia on skeletal muscle AMPK signaling and substrate
metabolism in humans. Am J Physiol Endocrinol Metab
2006;290:E694–702.
90. Shaw RJ, Lamia KA, Vasquez D, Koo SH, Bardeesy N, Depinho
RA, et al. The kinase LKB1 mediates glucose homeostasis in
liver and therapeutic effects of metformin. Science
2005;310:1642–6.
91. Fryer LG, Foufelle F, Barnes K, Baldwin SA, Woods A, Carling
D. Characterization of the role of the AMP-activated protein
kinase in the stimulation of glucose transport in skeletal
muscle cells. Biochem J 2002;363:167–74.92. Kurth-Kraczek EJ, Hirshman MF, Goodyear LJ, Winder WW. 5′
AMP-activated protein kinase activation causes GLUT4
translocation in skeletal muscle. Diabetes 1999;48:
1667–71.
